Electron spin qubits in silicon are excellent candidates for scalable quantum information processing (QIP) due to the very long spin lifetimes (T 1 ) and coherence times (T 2 ) that are accessible in silicon [1] and because of the enormous investment to date in silicon MOS technology. Electron spin qubits in silicon can be localized using either dopant atoms (eg. phosphorus) [2, 3] or in electrostatically gated quantum dots [4] . This talk will review the current status of research in both of these qubit systems.
Introduction
Electron spin qubits in silicon are excellent candidates for scalable quantum information processing (QIP) due to the very long spin lifetimes (T 1 ) and coherence times (T 2 ) that are accessible in silicon [1] and because of the enormous investment to date in silicon MOS technology. Electron spin qubits in silicon can be localized using either dopant atoms (eg. phosphorus) [2, 3] or in electrostatically gated quantum dots [4] . This talk will review the current status of research in both of these qubit systems.
Projective readout of the qubit is an essential criterion for any QIP system. Due to the challenges of controlling and manipulating single spins in silicon, it is only very recently that single-shot readout of an electron spin has been demonstrated. This experiment [5] used a device consisting of implanted phosphorus donors, tunnel-coupled to a silicon Single Electron Transistor (Si-SET), where the SET island was used as a reservoir for spin-to-charge conversion [6] . The readout fidelity obtained was better than 90% and the spin lifetime T 1 was up to 6 s.
Electron spin lifetimes approaching 100 ms have also been measured recently in electrostatically-defined Si MOS quantum dots [7] . Disorder at the Si/SiO 2 interface has made it challenging to form dots with a controllable number N of electrons, down to N = 1, as required for an electron spin qubit. However recent developments in multi-gate technology have enabled the formation of Si-MOS dots with high tunability of N [8] , together with detailed examinations of spin-filling and valley splitting [9] . Figure 1 depicts a spin qubit device [6] in which the electron spin of an individual phosphorus donor in silicon (Si:P) can be: (i) measured with high fidelity using an integrated Si-SET; and (ii) controlled using a local oscillating magnetic field (B 1 ) provided by an on-chip coplanar transmission line. Fig. 2 (a) shows a practical realization of the readout component of this device [5] .
Single-Shot Readout of Silicon Donor Qubits
When an electron tunnels from the donor to the SET island, the SET current switches from zero to the maximum value. In the presence of a large external magnetic field that induces a Zeeman energy splitting of the donor spin states, the electron tunneling process becomes spin-dependent, and the spin of the electron can be inferred, in single-shot, from a fast measurement of the SET current. Because of the exceptionally large charge transfer signal the spin state of the electron can be measured on a timescale < 10 μs, with readout fidelity better than 90% (see Fig. 2 ). Using this device a spin lifetime T 1 ≈ 6 s at B 0 = 1.5 T was measured, the longest ever observed using electrical means for single spins in the solid state [5] . Figure 3 shows a Si MOS quantum dot fabricated on a high resistivity silicon substrate. Micro and nanofabrication were employed to pattern and create the ohmic contacts, high quality thin gate oxide, and aluminium surface gates. The fabrication process is described in detail in Ref. [10] . The lowest layer of gates are barrier gates (B1, B2), which are used to define the dot spatially and control the tunnel coupling. The leads (L1, L2) induce the electron accumulation layers that act as source-drain reservoirs. The plunger gate (P) extends over both the barrier and lead gates and is used to control the electron occupancy of the dot. This multi-gated structure provides excellent flexibility for tuning the barrier transparency and energy levels of the dot independently [8] . (Fig. 4a) . The shift of peak positions has been offset and converted into the electrochemical potential by multiplying V P with alpha factor α, extracted from the Coulomb diamonds (not shown).
Spin Filling in a Few-Electron Si MOS Quantum Dot
At low magnetic fields, the first two electrons fill with opposite spins in the same valley. When the Zeeman energy exceeds the valley splitting, it becomes energetically more favourable for the second electron to occupy a spin-down state in another valley (Fig. 4b) . The sign change appears as a kink in the evolution of the Coulomb peak position, where the valley splitting is equal to the Zeeman energy (~100 μeV).
Valley splitting of this order has also been observed in Si/SiGe quantum dots and is an essential requirement for a functioning spin qubit, since it is essential that the qubit ground state is non-degenerate.
Summary
In summary, silicon is proving to be an excellent material system for spin based quantum computing, with single-shot spin readout now demonstrated in Si:P donor-based qubits with readout fidelities exceeding 90% and spin lifetimes of 6 s. Silicon MOS quantum dots also show excellent promise, with improved multi-gate devices showing excellent tunability of electron number and low-disorder interfaces enabling a detailed understanding of spin filling and valley splitting in these systems.
